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Californium is the heaviest element currently on earth, and is the last member of the actinide series that has an isotope long-lived enough for work to be carried out in a standard radiologic facility. Synthetic studies on californium chemistry have typically been restricted to microgram scales, and detailed measurements that correlate structure and physico-chemical properties are lacking. The limited examples of californium compounds can be ascribed to variety of factors that include the low isotopic availability of this element, the short half-life of the longest-lived available isotope ( 249 Cf = 351 yr), and the extreme α and γ emissions (6.194 MeV and 0.388 MeV, respectively).
Only five single crystal structures have been determined: Cf(IO 3 3+ or An 3+ ), the bonding is purely ionic, meaning that the valence 5f orbitals of the actinide cations are nonbonding, much like the 4f orbitals for lanthanides. [5] [6] [7] However, there are numerous examples, based on structural, spectroscopic evidence, and electronic structure calculations, that indicate the involvement of the 6p, 6d, and/or 5f orbitals in bonding with actinides, yielding bonds to ligands that are partially covalent. [8] [9] [10] An additional impediment in finding covalent bonding with trivalent actinides is that the degree of covalency decreases with the lowering of the oxidation state, and therefore the effects of covalency with trivalent actinides are expected to be quite small. 8, 9 Actinides beyond plutonium are typically trivalent and their structural chemistry, much like that of isoelectronic lanthanides, is thought to be determined solely by their ionic radii.
We recently demonstrated that highly polarizable ligands, in this case polyborates, are able to form covalent bonds with the trivalent actinides Pu(III), Am(III), and Cm(III), and that this covalency is associated with the formation of structures that are not paralleled by lanthanides. Moreover, these neighboring actinides do not form an isotypic series with each other; each actinide displays unique chemistry. 10 To understand how bonding changes across the actinide series, we investigated the synthetic, structural, spectroscopic, and quantum chemical properties of a Cf(III) borate and found many unanticipated results that are detailed in this report.
3 Fig. 3 ). Note that although the eight Cf−O distances are quite similar, the geometry is far from being a perfect square antiprism (large angular distortions are observed in this first coordination sphere). The bridging of the chains by the Cf(III) centers creates sheets and the overall structure is layered ( Figure 1c ). All earlier members of the actinides series contain polyborate layers that are linked together into three-dimensional frameworks.
Results and Discussion
The Cf(III) ion resides on a twofold site (exhibiting C 2 symmetry), and the Cf−O bond distances range from 2.411(5) to 2.463(5) Å. Thus, the smaller-sized Cf(III) cation yields both a lower coordination number and a more isotropic coordination environment than was previouly found with lighter actinide borates. Furthermore, while lanthanide borates containing smaller Ln(III) cations (Ln = Gd -Lu) also form hexaborates, the polyborate forms sheets instead of chains, and the Ln(III) cations are nine-coordinate tricapped trigonal prisms. 13 Therefore, the reported Cf(III) borate structure was not predictable from the previously reported structures involving any other f-element.
Magnetic susceptibility data were collected on a polycrystalline sample of 5 ] is rich, and the assigned solid-state absorption spectrum taken from a cluster of crystals is shown in Figure 3 . between ligand vibrations and metal orbitals that one finds with transition metals. However, the effects of vibronic coupling in lanthanide compounds are very small and typically only spread the original electronic transition out by a few nanometers. 18, 19 Although such coupling is known to be larger in actinide compounds, the electron-phonon coupling strength is typically only two or three times larger than found in lanthanides. 18 In contrast, at 79 K the J = 5/2 excited state transition to the J = 15/2 ground state is expected to be a few nanometers wide at most, but instead it is approximately 140 nm wide. The broadening observed is much more similar to that the longer time constant was attributed to the low-energy peak (600 nm). These assignments were made based on data obtained using optical band-pass filters, which allowed emission from the two bands to be separated. Because of the spread of vibronic bands, the decay measured at 600 nm is expected to have contributions from the band originating at 525 nm. However, the decay measured at 525 nm should not be affected by the band originated at 600 nm. These Given the number of interacting oxygens (8) in the first shell of the ligands, there is not much of an interaction for a given oxygen atom with the 5f orbitals as shown in Supplementary   Fig. 5 . The NBO population for the 7s (0.08 e) is somewhat less than the Mulliken population on the 7s. As a check of the potential for issues with spin contamination with the 5f 9 Cf(III) complex, we performed the same calculations with the high-spin 5f 7 Cm(III), which will not have this issue. The results, as shown in the Supplementary Information, are essentially the same between Cf and Cm demonstrating that this is not an issue. We also checked to see if the removal of protons to create a more negative ligand about the Cf (and Cm) changed the effective orbital interactions at the actinide, and they did not. Overall, the predicted charges show that there is a substantial charge donation from the borate oxygen ligands to the Cf, with about half of this extra charge into the 6d.
The topological analysis of the electron localization function (ELF) 22, 23 shows electrondonation from the eight coordinated O atoms to the Cf. About 1 to 4 bonding electrons can be found between the Cf atom and each of the coordinated O atoms (see Supplementary Table 5) , consistent with the charge results. As several molecular orbitals can contribute to the same covalent basin, the analogy between the ELF approach and the notion of bonding in terms of molecular orbitals is not direct.
In order to better understand the electronic structure of Cf, the crystal-field splitting of the ground free-ion term ( 6 H) has been predicted with complete active space self-consistent field (CASSCF) calculations, including either all the high-spin 5f 9 states (21 sextets) or the states belonging to the 6 H of the free-ion (11 states). Supplementary Tables 7 and 8 show that both sets of calculations predict similar results. The lowest 11 states are not degenerate, as expected from symmetry arguments (the cluster belongs to the C 2 symmetry point group). The total splitting of this term (between the lowest and the highest root) is about 230 meV (~1850 cm -1 ). We 8 conclude that unusually significant crystal-field splitting is present in this system. Thus, the crystal field can also participate in the broadening observed in absorption and emission spectra, and the reduction in the magnetic moment. Due to the high computational cost, the CASSCF calculations do not include basis functions to describe the critical 6d and 7p levels, so the CASSCF cannot be used to examine the amount of covalency. However, the CASSCF calculations do show that there is at least 0.16 e transferred to the 5f orbitals from the ligands consistent with the larger basis set DFT results.
Conclusions
It is important to note that while Pu(III), Am(III), and Cm(III) also form covalent bonds with borate, this bonding does not result in substantial changes in electronic properties with respect to the corresponding free ions, e.g. by having a large crystal-field splitting of the ground free-ion term. These effects have not yet been observed with other trivalent actinides, and thus are so far considered specific to this Cf(III) compound. In a previously reported Pu(III) structure, the delocalization of the electron density between the trivalent actinide and the borate was quite weak, and the orbital overlap with Pu(III) did not significantly change the electronic properties of Pu(III); i.e. the f-f transitions were not broadened and vibronic coupling was absent.
Similarly, the significant overlap between the 6d orbital and oxygen 2p orbitals from borate did not alter the 5f electron behavior of Am(III). On the other hand, Cm(III) shows the signatures of vibronic coupling in the emission spectrum when placed in the same coordination environment as Cf(III), demonstrating that the coordination environment can play an important role in the properties of trivalent actinide ions. Quantum mechanical calculations support significant donation of ligand oxygen electron density (from the O 2p) to valence orbitals of Cf(III), notably the 6d followed by the 5f and 7p, suggesting the presence of some covalent character in the Cf−O bonds. Owing to the number of ligands (8) All work was conducted within a negative pressure glovebox and whenever possible the samples were shielded with lead. The sample used produces 1.7 R/hr at 40 mm and therefore represents a serious external hazard that required the experiments to be carefully choreographed to minimize exposure times.
Synthesis:
Cf and then transferred to a PTFE-lined Parr 4749 autoclave with a 10 mL internal volume. 63 mg (1.0 mmol) of boric acid was added to the droplet containing the dissolved Cf(III). The mixture was then sealed and heated at 240 ºC for seven days followed by slow cooling to room temperature over a three day period (3 ºC/hr). The furnace for heating the autoclave was also inside the glovebox and surrounded by thick lead sheets. The resulting product was washed with warm water to remove the excess boric acid flux and consisted of pale green microcrystalline clusters (see Supplementary Fig. 1 ).
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Crystallographic Studies:
Single crystals of Cf[B 6 O 8 (OH) 5 ] were glued to cryoloops with epoxy and optically aligned on a Bruker D8 Quest X-ray diffractometer using a digital camera. Initial intensity measurements were performed using a IμS X-ray source ( 
UV-vis-NIR and Photoluminescence Spectroscopy:
UV-vis-NIR and photoluminescence data were acquired from a cluster of microcrystals using a Craic Technologies microspectrophotometer. Crystals were placed on quartz slides under Krytox oil, and the absorption data were collected from 400 to 800 nm. The exposure time attempted, but these were impeded by the self-luminescence.
Life-time Measurements:
Time-correlated single-photon counting (TCSPC) photoluminescence measurements were carried out using a femtosecond laser system. A Spectra-Physics Tsunami titanium sapphire oscillator produced pulses that were amplified by a 1-kHz Spitfire regenerative amplifier, producing 800-nm pulses with a temporal duration of 100 fs. This fundamental output was frequency doubled, producing 400-nm light that was attenuated to sub-microjoule pulse energies for TCSPC measurements. Visible photoluminescence was isolated from laser light using several dichroic beam splitters. The isolated photoluminescence was directed to an 11 avalanche photodiode (id Quantique, id-100-20-ULN), and TCSPC data was acquired using a 16-channel photon correlator (Becker Hickl). The high-and low-energy regions of PL were separated using band-pass filters. The temporal dynamic range of the time-domain measurements extended from sub-picosecond to millisecond time scales. Photoluminescence lifetimes were fit using in-house software.
Magnetic Measurements:
Magnetic measurements were performed on a polycrystalline sample containing 750 μg of 249 Cf that was placed in a tightly closed PTFE sample holder, with a Quantum Design SQUID magnetometer MPMS-XL. DC magnetic susceptibility measurements were carried out in an applied field of 0.100 T in the 1.8-380 K temperature range. Field-dependent magnetization was recorded at 1.8 K in the magnetic field varying from 0 to 7 T. The data were corrected for the diamagnetic contribution from the sample holder and constituent elements.
Computations:
While the position of the Cf, O and B atoms of the cluster was taken from the crystallographic structure, the position of the H atoms (initially present in the crystallographic structure or added to -neutralize‖ the cluster) were optimized with the Perdew-Burke-Ernzerhof (PBE) functional 23 , using the TURBOMOLE program package. 25 During this optimization, a C 2 symmetry point group was imposed. One should note that the C 2 symmetry arises from the first, second and third coordination spheres, and hence that the imposed symmetry constraint only affects the added protons. All-electron def-TZVP basis sets 26 were used for all the atoms, except the Cf atom, which was treated using a 60-electron core quasi-relativistic pseudopotential. 27 A sextet spin state was considered for the optimization of the H atoms. The cluster employed in our calculations is illustrated in Supplementary Figs. 2, 3 , and 5. A single point unrestricted DFT calculation was then performed at this geometry with the PBE0 functional. 
